AD-A225  728 


REPORT  DOCUMENTATION  PA 


is.  restrictive  mar 

N/A 


•  .a.  SECURITY  CLASSIFICATION  AUTHORITY 

!  N/A 


i  ;=.  oscjlssification/oowngraoing  schedule 

!  N/.A  _ 


i.  DISTRIBUTION,  AVAILABIUT,-  op  report 


Approved  for  public  release; 
cisuribuuion  unlimited. 


.  PERFORMING  ORGANIZATION  REPORT  NUMBERCS) 

N0001A-89-J-1314- 9 


S.  MONITORING  ORGANIZATION  REPORT  NUMBERS* 

■XJ, 


\  6a.  NAME  Or  3SRFORMING  ORGANIZATION 

j  LASST 


Universirv  of  Maine 


6b.  OFFICE  SYMBOL 
(If  appikaole) 


7a.  NAME  OF  MONITORING  ORGANIZATION  T, 

Office  of  Naval  Research  -»  >  'X 

Branch  Office  Chicago  . 

—  Jim*. _ 


sc  aOORESS  (Cry,  State,  ana  ZIP  Code) 
Sawyer  Research  Center 
Orono,  ME  04469 


7b.  aOORESS  (Cry,  Scare,  and  ZIP  Code) 
536  S.  Clark  Street 
Chicago,  IL  60605 


Sc 


■v 


ia.  NAME  OF  -JNOING/  SPONSORING 

organization  Office  of  Naval 
P.esearcr. — Chemistrv  Procrram 


8b.  OFFICE  SYMBOL 
(It  applicable) 


S.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMoS 
N00014— 89-J-1314 


ADDRESS  fCfy,  State,  ana  ZJPCoaei 

300  N.  Quincy  Street; 


Arlington ,  VA. 


AAA-  / 


10.  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 

PROJECT 

TASK 

WORK  UN: ' 

ELEMENT  NO 

NC. 

NO. 

ACCESSION 

.  TITLE  (Inauae  Secunty  Gasification) 

PROPERTIES  AND  ADHESION  OF  POLYIMIDES  IN  MICROELECTRONIC  DEVICES 


personal  authorcs) 
M.  Grunze 


13b.  TIME  COVERED 

Jl  A.  OATE  OF  REPORT 

[Year.  Mantn.  Day) 

15.  PAGE  COUNT 

FROM  10/ 1/89  TO  9/30/9C 

1  1990  August 

15 

12 

’  3a.  type  OF  REPORT 

Technical 


•a.  SUPPLEMENTARY  NOTATION 

Prepared  for  publication  in:  European  Conference  on  Advanced  Materials  and  Processes 


.  ■; 

COSATI  COOES 

18.  SUBJECT  TERMS  [Continue  on  reverse  if  necessary  and  iaentify  by  block  numoer) 

FIELD 

l  GROUP  1  SUB-GROUP 

Polymer-metal  adhesion,  electronic  packaging 

1  1 

1  1  1  ! 

f 


£ 


^S.  ABSTRACT  {Continue  on  reverie  if  necessary  and  identify  by  bloat  number) 

/  This  paper  gives  a  summary  on  the  properties  of  polyimide  films  used  in  microelectronic 
devices  and  on  recent  research  efforts  to  understand  the  adhesion  between  polyimides  and  n 
inorganic  materials.  One  of  the  major  concerns  in  the  application  of  polyimides  is  the 
integrity  and  reliability  of  the  laminar  structures.  Surface  sensitive  spectroscopies  have  _ 
been  recently  applied  to  identify  the  nature  of  the  chemical  bond  for  metals  evaporated  _ 
onto  cured  polyimide  surfaces  and  for  spun-on  and  subsequently  imidized  polyamic  acid  films 
on  metal  surfaces.  Depending  on  the  preparation  of  the  interface,  e.g.  metal  on  polymer 
or  polymer  on  bulk  metal,  different  phenomena  are  observed. 


'  ty  Codes 
:  .rd/or 
j.jolnl 


■■J  “  < 

8  23 

035 

m 

1 

1 

:c.  distribution /availabiuty  of  abstract 
□  uNCUVSSIFIEOAJNUMlTEO  ^  SAME  AS  RPT. 

□  one  USERS 

21.  ABSTRACT  SECURITY  CLASSIFICAfte* - 

unclassified 

Al.  NAME  OF  RESPONSIBLE  INOIVIOUAL 

...  N.  Uner 1 

—3.  telephone  (inauae  Area  Coae) 

i  20  :  d8  1-2-5*- 

:2c.  OFFICE  SYMBOL 

30  =ORM  1471.  36  mar 


33  APR  .toiaon  mjv  o*»  ui*o  untn  -'■■i Ju-.Tic. 

AH-nm*,  an.f.o".  ...  -.otn,.,. 


TEC-IRi  CLA^SietCA  ~iqm  c 


M.  Grunze,  Lehrstuhl  fur  Angewandte  Physikalische  Chemie 
am  Physikalisch-Chemischen  Institut,  Universit&t  Heidel¬ 
berg,  F.R.G. 


Abstract 

This  paper  gives  a  summary  on  the  properties  of  polyimide 
films  used  in  microelectronic  devices  and  on  recent  re¬ 
search  efforts  to  understand  the  adhesion  between  polyi- 
mides  and  inorganic  materials.  One  of  the  major  concerns 
in  the  application  of  polyimides  is  the  integrity  and  re¬ 
liability  of  the  laminar  structures.  Surface  sensitive 
spectroscopies  have  been  recently  applied  to  identify  the 
nature  of  the  chemical  bond  for  metals  evaporated  onto 
cured  polyimide  surfaces  and  for  spun-on  and  subsequently 
imidized  polyamic  acid  films  on  metal  surfaces.  Depending 
on  the  preparation  of  the  interface,  e.g.  metal  on  polymer 
or  polymer  on  bulk  metal,  different  phenomena  are  ob¬ 
served. 


Introduction 

The  widespread  use  of  polyimides  (PI)  is  a  result  of  their 
unique  properties  which  can  be  tailored  to  fulfill  or  to 
provide  a  compromise  for  specific  requirements.  Aromatic 
linear  polyimides  in  particular  are  a  class  of  organic 
polymers  with  favourable  mechanical  and  dielectric  proper¬ 
ties  for  applications  in  electronic  devices  which  can  eas¬ 
ily  be  processed  into  planar  films.  Originally  polyimides 
were  introduced  in  Japan  as  an  int er level  dielectric  for 
multilevel  metal  transistors  /!/.  Today  they  are  used  rou¬ 
tinely  in  VLSI  devices  as  multilevel  dielectric  insulation 
/2— 4/.  There  are  also  several  other  applications  which 
emerged  in  the  last  10-15  years.  3ecause  of  their  high  ab¬ 
sorption  coefficient  for  a-particles  they  are  used  as 
protective  coatings  in  charge  sensitive  memory  devices, 
their  mechanical  properties  and  high  temperature  stability 
is  utilized  in  composite  materials  for  aerospace  uses  /5/, 
and  they  are  tested  as  high  temperature  adhesives  /6/  as 
well  as  lubricants  in  spacecraft  applications  /7/.  More 
recent  application  of  some  polyimides  take  advantage  of 
their  crystallinity  which  makes  them  applicable  as  orient¬ 
ing  layers  for  LCD  devices,  or,  when  crystallization  is 
reduced  by  adjustment  of  the  curing  procedure,  as  light- 
guide  materials  /8/. 

However,  reliable  adhesion,  particular  in  humid  environ¬ 
ments,  remains  to  be  a  major  issue  of  concern  in  the  ap¬ 
plication  of  Pi's.  Only  recently  spectroscopic  results  on 
polyimide/metal  interfaces  have  become  available  which  can 
shed  some  light  on  the  chemical  and  physical  parameters 
determining  the  adhesive  bond  between  polyimide  and  metal¬ 
lic,  oxidic,  or  semiconducting  substrates.  These  experi- 


ments  will  be  summarized  in  the  second  parr  of  rhis  paper. 


1)  Preparation  and  Properties  of  Aromarlc  Polvimides 

Aromatic  polyimides  can  be  prepared  by  a  condensation  re¬ 
action  of  an  aromatic  tet racarboxylic  dianhydride  and  an 
aromatic  diamine.  In  the  two-step  reaction  a  soluble  poly- 
amic  acid  is  formed  which  can  be  converted  to  polyimide  by 
thermal  or  chemical  loss  of  water.  To  date  nearly  every 
aromatic  and  aliphatic  function  in  the  dianhydride  or  dia¬ 
mine  has  been  studied  allowing  to  vary  the  chemical  and 
physical  properties  of  the  polymer  over  a  wide  range.  A 
comprehensive  compilation  of  the  relationship  between 
chemical  stability,  thermal  stability,  optical,  electrical 
and  mechanical  properties  as  a  function  of  chemical  struc¬ 
ture  can  be  found  in  the  monograph  "Polyimides:  Thermally 
Stable  Polymers"  by  M.I.  Bessonov  et  al .  /9/.  Polyimides 
with  rigid  rod-like  structures  (e.g.  p-phenylene  pyromel- 
litimide)  show  the  highest  thermal  stability,  followed  by 
polyimides  of  rigid  cyclic  structures  of  the  ladder  type 
and  those  containing  single  "hinge"  atoms  between  the  phe¬ 
nyl  rings  ir.  the  diamine,  e.g.  poly  [N,  N '  ]  -  (phenoxyphe- 
r.yl ) -pyromellitimide  ( PMDA/ODA)  .  The  thermal  stability  of 
the  polymers  is  primarily  determined  by  their  inter-molecu¬ 
lar  "interactions  and  not  by  the  flexibility  of  the  macro¬ 
molecules  themselves  19/ . 

The  physical  reason  for  the  high  flexibility  of  polyimides 
is  a"  high  degree  of  freedom  of  rotation  of  the  phenylene 
rings  around  internal  atomic  "hinges"  in  the  diamine  por¬ 
tion  cf  the  polymer.  The  thermal  expansion  coefficients 
can  be  controlled  by  the  chemical  composition  from  4  x 

10-7  to  5.7  x  10“5K~*  /10/,  hence  matching  the  thermal  ex¬ 
pansion-coefficient  of  quartz  glass  (4  x  10-7K_1)  ,  ceram¬ 
ics,  metals  and  on  the  higher  end  those  of  ordinary  or¬ 
ganic  polymers.  Possible  models  for  the  correlation  be¬ 
tween  thermal  expansion  and  chemical  structure  are  dis¬ 
cussed  by  Numata  et  al .  /10/.  Numata  et  al./10/  also  de¬ 
scribe  the  use  of  low  thermal  expansion  coefficient  polyi¬ 
mides  as  interlayer  dielectric  in  VLSI’s  and  flexible 
printed  circuit  boards.  The  matched  thermal  expansion  co¬ 
efficient  of  the  dielectric  polyimide  film  to  the  metalli¬ 
zation  layers  or  inorganic  substrates  in  the  laminar 
structure  is  essential  because  the  device  has  to  withstand 
the  anneal  temperature  and  further  thermal  cycling,  e.g. 
in  soldering  processes  . 

The  dark  and  phot oelect ric  conductivity  of  various  polypv- 
romellit imid'es  have  been  investigated  and  it  was  observed 
that  the  high  temperature  conductivity  (T>230°C)  corre¬ 
lates  with  the  ionisation  potential  and  electron  affini¬ 
ties  of  the  electron  donor  (diamine)  and  electron  acceptor 
(dianhydride)  units  in  the  chain.  The  electrical  conduc¬ 
tivity  increases  sharply  upon  illumination  with  visible 


light  by  about  a  factor  of  100  at  room  temperature  S  .  In 
terms  of  dielectric  properties,  aromatic  polyimide:  i  are 
classified  as  medium  frequency  dielectrics  with  a  dielec¬ 
tric  constant  of  typically  £-3.0-3. 8,  dielectric  break¬ 
down  strengths  of  100-200  mV/m,  and  a  specific  volume  re¬ 
sistance  of  -103-®  £1  cm.  The  parameters  remain  nearly  inde¬ 
pendent  of  frequency  and  temperature  up  to  -200° C  thus 
making  them  an  ideal  choice  for  a  dielectric  in  heat  re¬ 
sistant  electrical  insulating  laminar  structures. 

Exposure  to  moisture  at  elevated  temperature  leads  to  wa¬ 
ter  absorption  in  the  polyimide  film  /11,12/.  As  discussed 
by  Wilson  /ll/,  water  absorption  (up  to  l.S  H2O  molecules 

per  repeat  unit)  is  believed  to  hydrolyse  polyimide  to 
polyamic  acid.  Subsequent  annealing  up  to  450° C  in  nitro¬ 
gen  for  30  minutes  removes  the  water.  Water  absorption 
leads  to  a  tensile  stress  in  the  polymer  film  which  can 
cause  delamination,  in  particular  in  cases  where  the  film 
is  not  coupled  to  the  substrate  (SiC>2)  by  an  adhesion 

promoter,  e.g.  organosilanes  /ll/.  In  order  to  avoid  mois¬ 
ture  induced  degradation,  polyimide  films  used  as  passiva¬ 
tion  coatings  are  typically  covered  with  another  plastic 
passivant  /ll/  as  a  moisture  barrier. 

Although  the  macroscopic  behavior  of  polyimide  films  de¬ 
graded  by  moisture  exposure  has  been  well  established,  the 
chemical  changes  occurring  in  the  interface  leading  to  ad¬ 
hesive  or  cohesive  failure  of  the  laminar  structure  are 
not  well  understood.  3asically,  in  order  to  describe  the 
failure  mechanism,  the  chemical  interactions  and  the 
structural  properties  of  the  intact  interface  need  to  be 
known.  The  present  understanding  of  the  chemical  and  phys¬ 
ical  interactions  between  polyimide  and  inorganic  films  is 
summarized  in  the  following  paragraphs  . 


2)  Chemical _ interactions  in  00 Ivlmlde  /metal  interf acs.s 

Experiment s  to  determine  the  chemical  interaction  between 
polyimide  and  metals  have  concentrated  on  poly  [N,N’  - 
(phenoxyphenyl) -pyromellit imide  (PMDA-ODA)  and  related 
model  compounds.  The  two  methods  to  prepare  PMDA-ODA  poly¬ 
imide  films  are  spin  coating  (SC)  and  vapor  deposition 
polymerisation  (VDP)  .  They  differ  in  the  way  the  film  pre¬ 
cursor  (polyamic  acid)  is  applied  to  the  substrate.  VDP  is 
a  solventless  technique  in  which  the  monomers  PMDA  and  ODA 
are  codeposited  by  evaporation  onto  the  substrate  where 
they  react  at  room  temperature  to  polyamic  acid.  Spin 
coating  (SC)  requires  that  the  polymer  precursor  polyamic 
acid  is  applied  in  a  polar  solvent,  typically  N-methyl  py- 
rolidone  (NM?) .  The  interfacial  chemistry  and  adhesion  is 
directxy  influenced  by  the  way  in  which  the  interface  is 
formed.  Therefore,  variations  in  the  preparation  of  the 
polymer  and/or  metal  film  will  lead  Co  polyimide/metal  in¬ 
terfaces  with  different  phys iochemical  properties. 

In  the  following  the  results  obtained  for  the  interfacial 


chemistry  of  metals  deposited  onto  cured  polyimide,  spin 
coated  polyimide  on  metals  and  silicon,  and  for  vapor  de¬ 
posited  polyimide  films  on  silver  and  copper  surfaces  will 
be  outlined . 

a. Metals  deposited  onto  cu red polyimide  surfaces 

The  polyimide  substrates  were  prepared  by  spin  coating 
polyamic  acid  onto  a  substrate  followed  by  solvent  extrac¬ 
tion,  imidization  and  curing  at  temperatures  exceeding 
250° C.  The  metals  were  evaporated  at  room  temperature  un¬ 
der  ultra  high  vacuum  conditions  onto  the  polyimide  films 
and  their  chemical  interaction  was  followed  by  x-ray  pho- 
toelectron  spectroscopy  /13-16, 18-20,  22/,  x-ray  absorption 
fine  structure  (NEXAFS)  measurements  /14/,  high  resolution 
electron  loss  spectroscopy  { KREZLS )  /17/  and  recently  also 
scanning  electron  tunneling  microscopy  /22/ . 

The  first  systematic  XPS  study  on  the  interaction  of  evap¬ 
orated  metals  with  polyimide  surfaces  were  published  in 
1984  by  Chou  and  Tang  /13/.  They  studied  monolayers  and 
submonolayers  of  Cr,  Ni,  Cu  and  Ag  on  freshly  cured 
(T=3S0°C,  30  min)  polyimide  substrates.  They  concluded, 
that  Cr  and  Ni  react  with  the  pendant  oxygen  in  the  sub¬ 
strate,  whereas  Cu  and  Ag  are  not  forming  chemical  bonds. 
They  also  presented  a  simple  thermodynamic  model  to  pre¬ 
dict  whether  a  given  metal  will  form  a  chemical  bond  with 
the  polymer  during  metallization  at  room  temperature.  Ac¬ 
cording  to  this  model  Al,  Mg,  Mn,  Sn,  Ti  and  v  should 
react  with  the  pendant  oxygen  in  polyimide. 

Later  experiments  indicated  that  Cr  /14/,  Ti  /15,16/  Al 
/ 17 , 13/  react  with  polyimide  surfaces  at  coverages  around 
and  exceeding  one  monolayer  under  polymer  bond  cleavage 
and  formation  of  metal  oxides,  carbides  and  nitrides.  In 
the  case  of  Cr  /14,19/  and  Al  /18/  spectroscopic  data  sug¬ 
gest  that  the  initial  interaction  between  metal  and  poly¬ 
mer  involves  a  charge  transfer  with  the  PMDA  part  of  the 
polymer.  Clabes  et  al .  /14/  compared  their  XPS  data  for 
submonolayer  coverages  of  Cr  on  PI  with  chemical  and  elec¬ 
trochemical  reduced  polyimide  films.  Reduction  of  PI  in¬ 
volves  electron  transfer  into  the  lowest  unoccupied  orbi¬ 
tal  (LUMO)  of  the  PI  which,  according  to  calculations  per¬ 
formed  by  Haight  et  al .  /19/,  has  it's  highest  amplitude 
on  the  carbonyl  carbon  next  nearest  phenyl  carbon  atoms 
and  the  carbonyl  oxygen  atom  in  the  PMDA  part  of  the  poly¬ 
mer.  Clabes  et  al .  interpret  their  data  by  postulating 
that  the  Cr  atom  initially  interacts  with  two  carbonyl  ox¬ 
ygen  atoms  of  two  parallel  Pi-chains  by  charge  donation 
into  the  LUMO  of  the  PMDA  parts  of  the  PI  macromolecules. 
A  coordination  with  two  adjacent  ligands  belonging  to  dif¬ 
ferent  monomer  unit  thus  allows  the  chromium  to  reach  the 

stable  Cr^~  configuration,  which,  according  to  Clabes  et 
al.,  is  not  possible  through  interaction  with  a  single 
PMDA  unit . 

Supported  by  their  "ab  initio"  calculations  Haight  et  al. 
/19/  interpret  their  XPS  data  by  a  chromium /PMDA  charge 


transfer  complex  where  the  most  stable  coordination  site 
for  the  Cr-atom  is  above  the  phenyl  ring,  analogous  to  a 
metal-n  arene  complex.  The  chemical  shifts  in  the  Cls,  01s 
and  Nls  spectra  upon  chromium  deposition  can  be  explained 
by  theoretical  calculation  based  on  this  model  without  in¬ 
voking  formation  of  covalent  or  ionic  bonds . Support  for 
this  model  also  comes  from  the  fact  that  the  changes  in 
the  polyimide  Cls,  01s,  and  Nls  spectra  are  qualitatively 
the  same  irrespective  whether  chromium  or  copper  is  depos¬ 
ited,  since  chemical  intuition  would  strongly  argue  against 
covalent  bond  formation  with  copper.  Haight  et  al .  also 
interpret  the  spectra  taken  for  chromium  coverages  exceed¬ 
ing  one  monolayer  without  involving  bond  breaking  in  the 
polymer  or  compound  formation  . 

However,  recent  experiments  on  copper  deposition  on  polyi¬ 
mide  films  prepared  by  spin  coating  /21/  and  by  vapor  dep¬ 
osition  /22/  suggest  that  copper  interacts  via  the  imide 
part  of  the  molecule  and  by  chemical  attack  of  the  carbo¬ 
nyl  groups.  According  to  Mack  et  al .  /22/  the  interaction 
is  stronger  with  vapor  deposited  P I  surfaces  than  with  the 
PI  surfaces  prepared  by  spin  coating.  Another  bonding  con¬ 
figuration  where  the  copper  interacts  with  the  ODA  part  of 
the  PI  polymer  was  proposed  by  Sanda  et  al .  /20/.  Which  of 
the  models  presented  to  describe  the  initial  interaction 
between  chromium  and  copper  and  polyimide  surfaces  remains 
open  at  this  stage. 

b .  Interfacial  chemistry  of  polyimide  films  on  inor¬ 

ganic,  sutiaagratLss 

Polyimide  on  bulk  copper  and  copper  on  polyimide  is,  de¬ 
spite  the  controversial  models  proposed  for  the  chemical 
interaction,  a  well  studied  model  system  to  demonstrate 
the  differences  in  interfacial  chemistry  as  a  function  of 
preparation  method.  In  the  following  we  will  summarize  the 
results  for  the  Pi/copper  interfaces  formed  by  (i)  copper 
deposition  on  cured  polyimide  and  (ii)  spin  coating  of  the 
polymer  precursor  polyamic  acid  (PAA)  onto  a  copper  film. 

Kim  and  coworkers  /23/  measured  the  adhesion  strength  by 
90°  peel  tests  for  (i)  and  (ii) .  They  found,  that  in  case 
(ii)  adhesion  is  significantly  enhanced  as  compared  to 
copper  deposited  onto  cured  polyimide  (i)  and  they  attrib¬ 
uted  this  to  the  difference  in  interfacial  chemistry,  i.e. 
chemical  reaction  between  polyamic  acid  and  bulk  copper 
(ii)  as  compared  to  copper  atoms  or  clusters  interacting 
with  cured  polyimide .  The  difference  in  interface  chemis¬ 
try  was  evident  in  cross  sectional  TEM  observations  /23/ . 
In  the  case  of  a  sputter  deposited  copper  film  on  a  cured 
polyimide  film,  a  sharp  boundary  was  observed,  whereas  in 
the  case  of  a  polyimide/copper  interface  prepared  by  spin 
coating  polyamic  acid  and  subsequent  imidization,  cuprous 
oxide  (CU2O")  particles  were  found  in  the  polymer  matrix. 

That  copper  oxide  particles  are  distributed  over  a  thick¬ 
ness  of  -500  nm  was  recently  reported  by  Burrell  et  al . 
/ 2 4 /  for  spun  on  polyimide  films  on  copper.  In  their  X?S 
and  I?-Ref lection  Absorption  measurements  724/  they  at- 


tributed  the  observed  degradation  and  chemical  modifica¬ 
tion  of  the  thick  polyimide  films  to  copper  oxide  particle 
formation/24/ . 

Contrary  to  the  observations  made  by  Kim  et  al.  /2 3 /  on 
spun— on  polyimide  films,  Kowalczyk  et  al./25/  found  no 
copper  oxide  particles  in  the  polymer  matrix  in  polyimide 
films  produced  by  vapor  deposition  (VD)  .  However,  if  prior 
to  imidization  a  drop  of  the  solvent  N-methylpyrrolidone 
is  applied  to  a  vapor  deposited  polyamic  acid  film,  cop¬ 
per  oxide  particle  formation  in  the  polymer  matrix  can  be 
observed  by  TEM  /25/.  The  results  of  Kowalczyk  et  al . 
clearly  show  that  the  solvent  provides  mobility  for  the 
copper  ions  formed  at  the  interface  to  diffuse  into  the 
polymer  matrix  and  eventually  react  to  cupreous  oxide.  Re¬ 
sults  on  vapor  deposited  polyimide  fi?ms  on  copper  re¬ 
vealed  that  it  is  not  possible  to  produce  polyimide  films 
of  thickness  less  than  4  nm  /26,27/.  According  to  Kowalc¬ 
zyk  et  al./28/  this  is  due  to  incomplete  imidization  at 
the  interface  caused  by  carboxylase  formation,  whereas  we 
believe  /27/  that  this  is  a  consequence  of  fragmentation 
and  loss  of  functional  groups  of  the  PMDA  and  ODA  mole¬ 
cules  in  the  interface.  Both,  the  strong  initial  reaction 
of  PMDA  and  ODA  or  of  PAA  with  the  copper  surface,  can 
provide  an  explanation  for  the  dissolution  of  the  copper 
surface  and  eventual  cupreous  oxide  formation  in  the  pol¬ 
ymer  matrix  facilitated  by  the  solvent. 

In  commercially  produced  polyimide  (Kapton®)  /copper  lami¬ 
nates  poor  adhesion  is  typically  caused  by  cohesive  fail¬ 
ure  in  the  polymer  foil.  As  shown  by  a  detailed  XPS/IR/SEM 
study  by  Horn  et  al .  /29/  a  thin  surface  layer  of  the  pol¬ 
yimide  foil  facilitates  the  interface  bond  to  the  metalli¬ 
zation  layer,  possibly  via  the  adhesion  promoters  added  to 
the  polymer.  Delamination  leaves  a  thin  polymer  film  on 
the  metal,  i.e.  an  adhesion  between  metal  and  polymer  is 
stronger  than  cohesion  in  the  polymer  itself.  If  or  to 
which  extend  copper  cluster  migration  into  the  polymer  as 
described  above  could  cause  cohesive  failure  is  not  known 
at  present . 

Relatively  thick  polyamic  acid  films  were  spun  onto  copper 
substrate  by  D.Y.Shih  et  al./30/.  They  followed  the  imidi¬ 
zation  and  curing  by  sheet  resistance,  parallel  plate  ca¬ 
pacitance  measurements  ,  FTIR  and  x-ray  photoemission .  Evi¬ 
dence  for  the  interaction  of  copper  with  polyamic  acid  and 
for  copper  oxidation  and  degradation  controlled  by  the 
supply  of  oxygen  to  the  interface  was  obtained  from  FTIR 
and  cross-sect ional  TEM  micrographs .  Shih  et  al .  reported 
that  the  amount  of  cuprous  oxide  found  in  the  polymer  ma¬ 
trix  was  significantly  less  when  curing  was  performed  in  a 
reducing  gas  atmosphere  as  compared  to  nitrogen  or  vacuum 
curing.  They  concluded  that  Cu-ions  are  dissolved  in  the 
polyamic  acid  solvent  layer  in  the  initial  curing  stage 
and  subsequently  diffuse  into  the  polymer  matrix. 

For  spectroscopic  methods  to  be  applied  to  analyze  the 
polymer /subs crate  interface  the  polymer  films  have  to  be 


sufficiently  thin.  To  prepare  sufficiently  thin  polymer 
films  by  spin  coating  was  only  successful  in  a  few  cases. 
Russat  /31/  reported  results  where  polyamic  acid  dissolved 
in  NMP  was  spun  onto  gold  resulting  in  polyimide  film 
thicknesses  ranging  between  1.3  to  2.9  nm  'after  imidi ca¬ 
tion  and  curing.  However,  the  interfacial  reaction  on  gold 
could  not  be  unambiguously  established  /31/  . 

Deposition  of  polyamic  acid  by  coevaporation  of  the  anhy¬ 
dride  (PMDA)  and  the  diamine  (ODA)  can  provide  sufficient¬ 
ly  thin  polyamic  acid  and,  after  curing,  polyimide  films 
to  study  the  interfacial  reaction  with  x-ray  photoelectron 
spectroscopy  /26-28,  32-37/,  near  edge  x-ray  absorption 
fine  structure  (NEXAFS)  /28/  and  infrared  reflection  ab¬ 
sorption  spectroscopy  (IRAS)/36/.  This  vapor  deposition 
preparation  method  to  study  the  interfacial  reactions  has 
been  applied  by  our  group  for  copper  /26,27/,  silver  /32- 
34/  and.  gold  / 3 7 /  substrates  and  by  Kowalczyk  for  Cu,  Cr 
and  Si  surfaces  /23/.  The  first  description  of  the  vapor 
phase  preparation  of  polyimide  films  was  given  by  Salem  et 
al .  / 3 9 /  for  thick  ? I  films  (d£10(im)  .  Application  of  UKV 
surface  studies  to  such  films  was  first  described  in  ref¬ 
erence  /32/  . 

A  detailed  study  of  monomer  adsorption  (PMDA  and  ODA)  in¬ 
teraction  with  clean  silver  surfaces  /33/  showed  t ha  _  both 
molecules  undergo  partial  fragmentation  upon  room  tempera¬ 
ture  adsorption.  Spectroscopic  analysis  of  vapor  deposited 
polyamic  acid  indicates  that  the  reactive  sites  for  the 
interaction  with  a  silver  substrate,  as  well  as  for  vapor 
deposited  gold  atoms  and  cluster,  are  the  amine  carboxilic 
acid  groups  in  the  molecule  /37/.  Evaporated  gold  atoms 
and  clusters  preferentially  interact  via  an  electron 
transfer  from  the  metal  to  the  amino  acid  part  of  the 
molecule  /37/.  The  interaction  with  a  bulk  silver  surface 
is  believed  to  involve  silver  carboxvlate  formation.  A 
silver  carboxylate  bonding,  either  in  a  monodent ate  or  bi- 
dentate  configuration,  is  derived  from  the  XPS  and  IR  Re¬ 
flection  absorption  experiments  for  the  ultra-thin  polyi¬ 
mide  films  obtained  after  curing  the  polyamic  acid  layers 
/33,37/.  Such  a  salt-like  ionic  surface  bond  explains  the 
sensitivity  towards  humidity,  i.e  it  suggests  that  hydrol¬ 
ysis  of  the  interface  bond  is  a  likely  cause  for  adhesive 
failure . 

There  are  strong  similarities  in  the  XPS  and  NEXAFS  data 
for  the  case  of  PAA  vapor  deposited  onto  Cr  surfaces  and 
Cr  evaporated  onto  cured  polyimide  surfaces  /28/  suggest¬ 
ing  that  the  same  reactions  occur  in  these  differently 
prepared  laminar  structures .  With  the  highly  reactive 
chromium  surfaces  the  formation  of  carbide,  nitride  and 
oxide  species  when  the  ?AA/Cr  interface  is  annealed  was 
concluded  from  the  XPS  data.  However,  as  discussed  above, 
the  XPS  data  for  small  and  higher  chromium  coverages  on 
cured  polyimides  are  ambiguous  with  respect  to  charge- 
transfer  or  covalent  bond  formation  and  fragmentation  of 
the  polymer . 


The  results  for  ?AA  on  a  Si  (111)7x7  surface  show  a  highly 
complex  pattern,  which  can  be  explained  by  more  chan  one 
geometric  adsorption  site,  more  than  one  functional  group 
being  involved  in  the  bond  formation,  or  a  stepwise  inter¬ 
action  pathway  /28/.  It  is  clear,  however,  that  covalent 
bonds  to  the  silicon  substrate  are  formed  in  the  poiyamic 
acid  state.  No  results  have  been  published  so  far  for  cur¬ 
ing  experiments  of  vapor  deposited  poiyamic  acid  films  on 
silicon. 

The  results  summarized  above  refer  to  studies  related  to 
the  interfacial  bond  between  polyimide  films  and  the  inor¬ 
ganic  substrates  .  Typically  delamination  between  polyimide 
and  the  substrate  is,  however,  not  caused  by  adhesive 
failure,  but  rather  cohesive  failure  in  the  polymer  it¬ 
self.  Although  the  effect  of  adhesion  promoters  (typically 
aminosilanes )  in  the  formation  of  a  strong  interface  bond 
have  not  been  studied  by  spectroscopic  techniques  for  pol¬ 
yimide  laminar  structures,  it  is  informative  to  recall  the 
results  obtained  for  a  structural  transition  of  the  poly¬ 
mer  between  a  polymer /metal  interface  and  the  polymer 
bulk. 

XPS  and  IP.  data  on  silver  led  to  the  conclusion  that  at 
the  surface  the  polymer  chains  are  oriented  away  from  the 
surface  plane.  This  geometry  is  induced  by  the  chemical 
bond  to  the  surface  /33 , 3  6/  .  Small  angle  x-ray  scattering 
data  by  Russel  / 3 8 / ,  however,  proof  that  for  thick  polyi¬ 
mide  films  (d-  7 5 urn)  the  polyimide  polymer  chains  in  spun- 
on  films  are  oriented  parallel  to  the  surface  plane.  Such 
an  orientation  of  the  polymer  chains  with  respect  to  the 
substrate  was  confirmed  by  I?,  absorption  reflection  stud¬ 
ies  for  vapor  deposited  polyimide  films  ( d>  1 0 nm )  on  copper 
/36/.  At  present  it  is  not  known  at  what  distance  away 
from  the  surface  a  transition  between  a  nearly  perpendicu¬ 
lar  to  a  parallel  orientation  relative  to  substrate  plane 
of  the  polymer  chains  occurs,  but  it  is  tempting  to  specu¬ 
late  that  such  an  orientational  change  in  the  polymer  is 
related  to  the  locus  of  failure  in  the  case  of  cohesive 
delaminac ion . 


With  their  high  temperature  stability  and  easy  process i- 
bility  polyimide  based  polymers  became  an  integral  compo¬ 
nent  in  microelectronic  device  technology.  Problems  asso¬ 
ciated  with  adhesion  in  laminar  structures  have  been  main¬ 
ly  overcome  by  a  careful  control  of  process  conditions, 
yet  our  understanding  of  the  interfacial  chemistry  is 
still  rudimentary  and  controversial.  The  application  of 
spectroscopic  techniques  to  identify  the  chemical  composi¬ 
tion  and  bonding  at  the  interface  has  been  established* 
and  is  now  routinely  used  in  basic  and  applied  research 
efforts.  However,  delamination  typically  occurs  by  cohe¬ 
sive  failure  in  the  polymer.  To  identify  the  locus  and 
chemical  and/or  physical  mechanism  of  cohesive  failure  re- 


mains  a  challenge  for 


uture  research. 
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Note  added  in  proof: 
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